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Abstract We use up to a 6-year span of GPS data from
85 globally distributed stations to compare solutions using
ocean tidal loading (OTL) corrections computed in differ-
ent reference frames: center of mass of the solid Earth (CE),
and center of mass of the Earth system (CM). We compare
solution sets that differ only in the frame used for the OTL
model computations, for three types of GPS solutions. In
global solutions with all parameters including orbits esti-
mated simultaneously, we find coordinate differences of
∼0.3 mm between solutions using OTL computed in CM
and OTL computed in CE. When orbits or orbits and clocks
are fixed, larger biases appear if the user applies an OTL
model inconsistent with that used to derive the orbit and clock
products. Network solutions (orbits fixed, satellite clocks
estimated) show differences smaller than 0.5 mm due to
model inconsistency, but PPP solutions show distortions at
the ∼1.3 mm level. The much larger effect on PPP solutions
indicates that satellite clock estimates are sensitive to the
OTL model applied. The time series of coordinate differences
shows a strong spectral peak at a period of ∼14 days when
inconsistent OTL models are applied and smaller peaks at
∼annual and ∼semi-annual periods, for both ambiguity-free
and ambiguity-fixed solutions. These spurious coordinate
variations disappear in solutions using consistent OTL mod-
els. Users of orbit and clock products must ensure that they
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use OTL coefficients computed in the same reference frame
as the OTL coefficients used by the analysis centers that pro-
duced the products they use; otherwise, systematic errors will
be introduced into position solutions. All modern products
should use loading models computed in the CM frame, but
legacy products may require loading models computed in the
CE frame. Analysts and authors need to document the frame
used for all loading computations in product descriptions and
papers.
Keywords Ocean tide loading (OTL) · Reference frame ·
Geocenter · Global Positioning System (GPS) · Center of
mass correction (CMC) · Power spectrum
1 Introduction
Ocean tidal loading (OTL) is the periodic crustal displace-
ment caused by the load of the ocean tides. OTL surface dis-
placements can reach several cm in magnitude in the vertical
component for coastal areas, and are smaller but still detect-
able in the horizontal components (Vey et al. 2002; Urschl
et al. 2005). Additionally, any mismodeling of diurnal and
semidiurnal tidal constituents can be propagated to longer-
period signals in the GPS coordinate time series (Penna and
Stewart 2003; Penna et al. 2007; Yuan et al. 2009), which
results in spurious periodic variations. The magnitude of the
OTL deformations makes correcting for them important dur-
ing precise geodetic data analysis (e.g., van Dam et al. 1997;
Dragert et al. 2000; King et al. 2008), especially because
the measurement and modeling of variations in time series is
becoming more important. Corrections for OTL deforma-
tion are usually made by computing a set of coefficients
(amplitudes and phases of the loading deformation for each
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tidal component), and subsequently removing this model
from the GPS observations in the solution for coordinates
and other parameters.
Isomorphic terrestrial reference frames can be defined with
differingorigins, includingthecenterofmassof thesolidEarth
(CE), or the center of mass of the whole Earth system (CM),
which includes the ocean and other surface loads, such as
atmosphere and continental water storage (Blewitt 2003). The
International Terrestrial Reference Frame (ITRF) is a CM
frame in the sense of long-term secular motions, but does not
account for short-term variations, such as seasonal variations
or sub-daily variations (Dong et al. 2003). The Center of Fig-
ure (CF) frame, defined based on the center of figure of the
solid Earth surface, can be well approximated by a
no-net-translation condition on a global geodetic network.
The CF frame is very nearly equivalent to CE, with the differ-
encebetweenCEandCFbeingonlyabout2%ofthedifference
between CE and CM (Dong et al. 2003; Blewitt 2003).
Ocean loading corrections can be computed by convolv-
ing Green’s Functions with tidal variations over the global
ocean domain (Goad 1980). Green’s Functions are derived
from load Love numbers in a specific reference frame, and
describe the deformation of the Earth due to a point surface
load. The most widely used Green’s Functions were obtained
by Farrell (1972) in the CE frame. Load Love numbers and
the resulting Green’s Functions can be transformed between
the CE and CM frames based on the individual physical def-
inition of geocenter (Dong et al. 1997; Blewitt 2003). The
Green’s functions differ in that the computed loading differs
for the degree 1 deformation. In the CM frame, movement
of fluid mass is accompanied by an opposite motion of the
center of mass of the solid Earth, while in the CE frame
the center of mass of the solid Earth is fixed (by definition).
The geocentric component of the frame difference can be
on the order of several millimeters in size, depending on
how the tidal components add up (Scherneck et al. 2000).
(H.-G. Scherneck provides tabulated coefficients for this
“center of mass correction” for various tidal models and
tidal components at http://froste.oso.chalmers.se/loading/
cmc.html). In this paper, we will use OTL-CM to refer to
an OTL model computed in the CM frame, and OTL-CE for
a model computed in the CE frame.
The current IERS Conventions and the International
GNSS Service (IGS) recommendations both suggest using
OTL corrections computed in the CM frame (IERS Conven-
tions 2010; Kouba 2009). However, older conventions were
different. Many if not most papers do not specify in which
frame their loading computations were calculated, even when
OTL and other sub-daily variations are the focus of the paper.
For a typical example, King et al. (2008) did not report which
frame was used for their OTL computations. But we know
they must have used the CE frame Greens functions. This
conclusion can only be deduced by a reader who knows that
only the CE frame Greens functions were available for the
SPOTL code (Agnew 1997) at that time. Few studies have
examined the difference between loading computations in
the CM vs. CE frame. Scherneck et al. (2000) compared sets
of PPP solutions using both OTL-CE and OTL-CM models,
and found that the solutions using OTL-CE provided a better
match for the tidal variations observed in the solutions. They
suggested that this resulted from the fact that the orbit and
clock products held fixed in their PPP solutions were gener-
ated using OTL-CE models, and that consistency between the
solutions that generated the products and the user’s solution
is important. In this paper, we use PPP and other solutions to
evaluate the effects of the frame used for OTL model com-
putations, using an extensive global data set.
The frame used for OTL model computations needs to
be kept distinct in the mind from the frame used for orbit
integration, or any corrections applied to the orbits in pre-
paring specific file formats. GPS satellites are gravitation-
ally attracted by the mass of the whole Earth system, so their
trajectories are physically relative to CM. GPS orbit files in
the SP3 format are supposed to be in a crust-fixed reference
frame, so the center of mass correction (difference between
CM and CE) is removed in preparing these files, at least
in the IGS reprocessed products (IERS Conventions 2010).
In this paper, we do not discuss frame issues of the orbits
themselves, but only the frame used to compute the OTL
models. For consistency, all loading computations should
be done in a CM frame, but when the frame for the load-
ing computations is commonly not specified, it may be easy
for inconsistency to arise, or for an incorrect theory to be
applied.
In this study, we reprocessed a multi-year set of GPS data
that included 85 globally distributed continuous stations with
OTL modeled in both CE and CM, in order to examine the
differences when using precise point positioning (Zumberge
et al. 1997). We used shorter subsets of this data set for addi-
tional, more in-depth comparisons of different types of GPS
solutions. In particular, we investigated solution strategies in
which (1) the user computes a regional solution using fixed
orbit products but estimates satellite clocks; and (2) the user
estimates coordinates, orbits and all other parameters in a
single solution, rather than using products derived by an
external analysis center. We repeated our analysis for two
different ocean tidal models and two different OTL compu-
tation programs to eliminate the possibility that the observed
differences are due to the ocean tide models or to the software
used to estimate the corrections.
2 GPS data and processing strategy
We analyzed a set of 85 globally distributed continuous GPS
stations in this study (Fig. 1). We use a global distribution of
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Fig. 1 Globally distributed
continuous GPS stations
adopted in this study. We
processed 6 years of GPS data
using OTL coefficients obtained
in different frames. Solid
diamonds denote sites used in
the stacked power spectral
analysis (∼48 sites). White
diamonds depict stations with
nonnegligible temporal gaps or
sudden coordinate offsets in the
timeseries that were not used in
the stack
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TIDB
sites because using a regional network may introduce con-
siderable errors during frame alignment (Tregoning and van
Dam 2005). We reprocessed all data for these sites from the
beginning of 2002 through the end of 2007, 6 years in total,
using the GIPSY/OASIS-II (Version 5.0) software in point
positioning mode (satellite clocks and orbits fixed) to obtain
daily coordinates and covariances. We then analyzed subsets
of this data in network positioning mode (satellite clocks
estimated, but orbits fixed) and using solutions in which we
estimated all parameters simultaneously, including orbits. In
point positioning, the user estimates site coordinates using
fixed orbit and clock products that were derived by a separate
global solution and that are usually provided by an external
analysis center. Multiple sites can be analyzed together or one
by one, giving the same result either way (Zumberge et al.
1997). We used JPL’s reanalysis set of orbit and clock prod-
ucts, which were determined using a consistent set of models
over the entire time span, including absolute antenna phase
center models for both GPS receiver and satellite antennas
(Schmid et al. 2007). We included antenna plus radome spe-
cific phase center models where they were available. We used
the GMF tropospheric mapping function (Boehm et al. 2006),
and adopted a priori dry tropospheric delay estimates from
the Global Pressure and Temperature (GPT) model (Boehm
et al. 2007). The solutions shown here do not include ambi-
guity resolution, although we test the impact of ambiguity
resolution later in the paper. All solution series used exactly
the same data, and in a variety of tests we vary the orbits,
clocks, and OTL model used.
For our base set of solutions, we used JPL’s fiducial free
orbit and clock products (in the native GIPSY format). We
transformed each daily solution into the ITRF2005 reference
frame, estimating our own frame alignment transformation.
Because we transform each solution into ITRF using a global
set of reference sites, these comparisons highlight distortions
of the network rather than differences in the solutions that
can be removed by a 7-parameter transformation. A com-
parison of solutions that used the fiducial products that are
already in ITRF, would be very similar except that any frame-
like bias between the solutions would remain as normally no
frame alignment transformation is applied to those solutions.
In other comparisons, we aligned the OTL-CE solution to the
OTL-CM solution using a standard 7-parameter transforma-
tion so that we could directly evaluate both distortions and
frame-like biases between the solutions.
We used the ocean tide models FES2004 and TPXO7.0
to calculate OTL corrections for all GPS stations, in both
the CE and the CM frames, using two different software
packages. The OTL model amplitudes and phases from the
FES2004 tide model (including the tidal components M2,
S2, N2, K2, K1, O1, P1, Q1, MF, MM and SSA) were com-
puted using Hans–Georg Scherneck’s web tool (http://www.
oso.chalmers.se/~loading/). The OTL model amplitudes and
phases using TPXO7.0 (Egbert and Erofeeva 2002)
(components M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM)
were computed using the SPOTL software (Agnew 1997).
The Green’s functions provided with SPOTL are in the CE
frame. We developed our own set of CM Green’s functions
to use with this program. We compared the SPOTL calcu-
lations for TPXO7.0 to those using Scherneck’s online tool.
The results agreed very closely for both the CE and CM
frames (e.g. the difference in amplitude for the M2 compo-
nent between SPOTL and Scherneck’s online tool is less than
1.5% of its amplitude). This result is consistent with the work
of Penna et al. (2008) that also assessed different algorithms
for computing OTL.
3 Comparison results
3.1 Comparison between solutions using different frames
during point positioning
Using JPL’s reanalysis orbit/clock products, Fig. 2 depicts the
differences between solutions for station TIDB (Canberra,
123
Author's personal copy
Y. Fu et al.
Fig. 2 Differences between
GPS solutions determined using
OTL-CM and OTL-CE
coefficients, for the station
TIDB. Top 6-year time series of
differences using the ocean tide
model FES2004. Bottom A
2-year time series comparing the
FES2004 (blue) and TPXO7.0
(red) models; at this scale, the
two models give nearly identical
results
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Australia) using OTL derived in the CE frame and the CM
frame. The only difference between these solutions is the
OTL coefficients used. All the GPS stations investigated in
this study, independent of their proximity to the ocean, show
very similar patterns. The patterns are similar because the
OTL displacements computed in CM and CE differ only by
a degree 1 deformation. While all the stations show similar
patterns, the phase of peaks of the difference varies over the
globe. This result holds for solutions derived using either
the FES2004 or TPXO7.0 models, consistent with the con-
clusion of Thomas et al. (2007) that the present ocean tide
models give very similar results at the global scale.
The most obvious periodic component in Fig. 2 has a
period of about 14 days, appearing consistently in East, North
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Fig. 3 Power spectrum of vertical coordinate differences from the
6-year timeseries computed using OTL-CM and OTL-CE corrections,
for the station TIDB. A sharp peak appears at a frequency of about
26.71 cycles per year. This represents a period of about 13.67 days
and Height. The vertical component has larger peak-to-peak
amplitudes, but differences in the horizontal components can
reach about one third of that observed in the height. The
power spectrum (Fig. 3) for the difference (Fig. 2) shows a
spectral peak at 26.71 cycles per year (period of 13.67 days),
and also reveals ∼annual and ∼semiannual components.
Penna and Stewart (2003); Stewart et al. (2005) and Penna
et al. (2007) demonstrated that, with a discrete 24-h GPS
data processing strategy, mismodeled diurnal and semidiur-
nal tidal constituents could be aliased into errors in longer
periods in the timeseries. They predicted that propagated tidal
deformation would appear at about 14 days (due to the ali-
asing of M2 and O1), semiannual (due to the aliasing of S2,
K2 and P1) and annual periods (due to the aliasing of S2
and K1). These are the peaks that we observe in the vertical
coordinate differences between the two solution sets (Fig. 3).
Other studies (Amiri-Simkooei et al. 2007; Ray et al. 2008;
Tregoning and Watson 2009) have shown that the observed
∼annual and ∼semiannual peaks in power spectra of GPS
timeseries are really GPS draconitic annual (∼351.4 days)
and semiannual (∼175.7 days) periods. A GPS draconitic
year is the period for the GPS constellation to repeat its ori-
entation relative to the Sun (Ray et al. 2008). For simplicity,
we will refer to these peaks as ∼annual, ∼semi-annual, and
∼14 days or ∼bi-weekly.
Figure 4 depicts the amplitudes of the ∼14-day periodic
variation in differences between solutions using OTL-CE
and OTL-CM, as a function of latitude. GPS stations located
at lower latitudes show larger amplitudes. Similar latitude-
dependence of the effects of mismodeling signals at tidal
frequencies was found by Penna et al. (2007) and Tregoning
and Watson (2011).
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Fig. 4 Amplitude of the ∼14-day periodic variation in the difference
between solutions using OTL-CM and OTL-CE coefficients, as a func-
tion of latitude. Blue dash-dot line is a five-point moving average
Solutions using OTL-CE and OTL-CM models differ by
periodic variations, but which solution contains this spuri-
ous periodic variation? The stacked power spectrum for the
detrended station timeseries is shown in Fig. 5. The 48 GPS
stations used for the stack (solid diamonds in Fig. 1) were
chosen based on the criteria that their timeseries should be
continuous without obvious gaps or sudden offsets of coordi-
nates due to strong earthquakes or receiver antenna changes.
The stacked power spectrum (Fig. 5) clearly illustrates that
the ∼14-day periodic variation is present only in solutions
using OTL-CE frame. There is no spectral peak around this
period in the solutions from the solutions using OTL-CM.
This obvious difference between solutions using OTL-CE
and OTL-CM does not depend on the tidal model, with sim-
ilar results using both FES2004 and TPXO7.0 (Fig. 5). The
amplitude of the ∼14-day peak in the power spectrum is
reduced by 41% from OTL-CE solutions to OTL-CM solu-
tions for FES2004, and by 40% from for TPXO7.0. There-
fore, the difference between frames is much larger than the
difference between ocean load models in the same frame.
This result means that the choice of frame for OTL com-
putations is more significant than the choice of ocean tide
model. JPL uses the FES2004 ocean tide model and OTL-
CM coefficients in the solutions it uses to generate its current
and reanalysis orbit and clock products (S. Desai, personal
communication 2010). JPL’s use of OTL-CM coefficients is
consistent with current conventions. Our results show that
point positioning users introduce systematic errors into their
solutions if they do not use the same OTL coefficients used
in the solution that generated the orbit and clock products.
For other periodic components, the amplitudes of the
stacked power spectrum for the detrended timeseries derived
using OTL-CM are also smaller than those derived using
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Fig. 5 Stacked power spectrum for the vertical coordinate timeseries,
using all stations in the stack (Top). A detailed of the top panel high-
lighting the ∼14-day period (Bottom). GPS stations used for stack are
marked with solid diamonds in Fig. 1
OTL-CE. For the annual component, the amplitude is
decreased by 1.13% by changing from OTL-CE to OTL-CM
for FES2004, and by 1.06% for TPXO7.0. The semiannual
is reduced by 3.25% by changing from OTL-CE to OTL-CM
for FES2004, and by 3.44% for TPXO7.0.
3.2 Testing the importance of consistency in OTL
coefficients
JPL currently uses OTL-CM coefficients in the solutions that
generate its products, but the older JPL legacy orbit products
employed OTL-CE coefficients (S. Desai, personal commu-
nication 2010). We use this difference to test the hypothesis
that the differences we observe result from inconsistencies
between the user solution and the solution that generated
the orbit and clock products. We reprocessed data for all of
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Fig. 6 Stacked power spectrum showing the ∼14-day period compo-
nent of 1-year detrended vertical coordinate timeseries for GPS solu-
tions derived using two different orbit products: JPL’s legacy products
(eci), derived using OTL-CE coefficients, and JPL’s reanalysis products
(pos), derived using OTL-CM coefficients. For each set of orbits, we
compare the noise spectra for solutions using OTL-CM and OTL-CE
coefficients, giving four sets of solutions. The two solution sets with
inconsistency in the OTL coefficients show significant noise peaks at
∼14-day period, while the solutions using consistent OTL coefficients
do not
2002 using two different orbit/clock products: JPL’s legacy
products (eci orbit) determined using OTL-CE, and JPL’s
reanalysis products (pos orbit) determined using OTL-CM.
For each set of orbit and clock products, we compared
solutions using OTL coefficients modeled in the CE and CM
frames, giving us four different combinations of OTL coef-
ficients used for the user and product solutions (Fig. 6). The
ocean tide model FES2004 is adopted here. We label the
solution sets based on the tide model, frame for OTL compu-
tations, and the orbit set used, for example FES04CM_POS
means the FES2004 tide model, OTL computed in CM, and
the reprocessed orbits (pos format).
Figure 6 displays the stacked power spectrum of the
∼14-day period component for the four different combina-
tions. It is clear that the amplitude of the position variations at
this period is smaller for the solutions in which the same OTL
coefficients were used in the product solution and the user
solution, FES04CM_POS and FES04CE_ECI. This confirms
that significant spurious periodic signal will be introduced
into the GPS position solutions if the user solution employs
OTL coefficients that differ from those used in the prod-
uct solution. The solutions using the reanalysis products,
FES04CM_POS, display markedly lower noise compared
to the solutions using the legacy products, FES04CE_ECI.
Indeed, there are many differences between the two sets of
orbit products. Thus, from this comparison alone we cannot
be sure how much of the observed scatter is due to the use
of any particular frame for computing the OTL coefficients.
However, it is clear that a user’s solution in point positioning
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mode needs to use OTL coefficients that are consistent with
those used in the solution that generated the orbit and clock
products. This confirms the suggestion of Scherneck et al.
(2000) that such consistency should be very important.
We generated a 1-year (2006) set of solutions with orbits,
clocks and positions estimated to test whether using one
frame for OTL computations gives an intrinsically better
result, using ocean tide model TPXO7.0. In a single-step
global solution, there is no possibility of having an incon-
sistency in OTL coefficients as all parameters are estimated
simultaneously in the solutions. We integrated orbits for each
day based on the IGS reprocessed orbits (ig1), and estimated
global solutions including adjustment to the orbits, using the
same global stations as before. All processing models were
the same as in the point positioning case, except that the solu-
tion was done in network mode with satellite clocks, orbit ini-
tial conditions and solar radiation pressure models estimated,
along with all station parameters. We did not estimate Earth
orientation parameters, but instead used IERS final values.
One set of solutions used OTL-CM coefficients and the other
set used OTL-CE, with no other differences.
We compared solutions by aligning each daily OTL-CE
solution to the OTL-CM solution with a 7-parameter trans-
formation and examining the residual differences after align-
ment. This comparison elucidates the distortion of the two
solutions relative to each other, removing any differences that
are described purely by translation, rotation or scaling of the
network. The coordinate differences after transformation are
very small, mostly 0.1–0.4 mm with a mean WRMS differ-
ence of ∼0.25 mm (Fig. 7, green bars). These differences are
much smaller than the differences between the point posi-
tioning solutions (Fig. 7, red bars). Analysis of the stacked
power spectrum (Fig. 8, top) indicates that the biases at
∼14-day period shown in Fig. 6 clearly disappear. The mag-
nitudes of the power for the global solutions, TPXO_CE and
TPXO_CM differ at the level of 0.01 mm2 or less, so they
are indistinguishable, and both are, in fact, very close to the
best result in point positioning mode, FES04CM_POS. All
these results suggest that the use of consistent OTL coeffi-
cients is more important than using one particular frame or the
other; that is, an inconsistency between the product solution
and user solution introduces larger errors than does using the
wrong theory consistently. Our time series of global solutions
is too short to demonstrate that using the correct theory (OTL-
CM coefficients) produces a superior result than consistently
using OTL-CE coefficients, but we assume this to be the case.
3.3 Network solutions with clocks estimated
Many users do not employ point positioning mode, but rather
fix orbits based on external products, and either estimate
satellite clock errors or remove them by double-differencing.
If the choice of frame for the OTL model computations
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Fig. 7 Histograms of WRMS (mm) of vertical coordinate differences
after application of a 7-parameter transformation between solutions with
OTL modeled in two different frames. All the data are from the same
year: 2006. Red bars represents the WRMS distortions for PPP solu-
tions between FES04CE_POS and FES04CM_POS; green bars show
WRMS distortions for network solutions with orbits, clocks and coor-
dinates estimated, and blue bars for network solution with clocks and
coordinates estimated
affects only the orbit product and not the satellite clocks,
then this type of solution will exhibit the same biases as PPP
solutions if the user solution uses OTL coefficients com-
puted in a different frame. However, if the choice of OTL
model coefficients mainly affects the clock parameters, the
impact of inconsistency in this type of solution would be
much smaller. To test the effects on this type of solution,
we ran a 1-year (2006) series of network solutions with both
clocks and positions estimated. JPL’s reanalysis orbits were
held fixed, but satellite clock parameters were estimated. We
fixed a single reference clock, usually that at the site ALGO.
The solutions were repeated using the each of the OTL-CM
and OTL-CE model coefficients.
We used a 7-parameter transformation to compare the
coordinate differences of the two different solution sets. The
residual coordinate differences after transformation (Fig. 7,
blue bars) have a mean WRMS of ∼0.3 mm, very similar to
what we observed for the global solutions with orbits esti-
mated and much smaller than the differences we find for
PPP solutions. The network solutions and PPP solutions dif-
fer only in that the satellite clocks are fixed to the values from
the product solution in the PPP solution, but are estimated
in the network solution. This result shows that the satellite
clock estimates must be significantly different in solutions
that use OTL-CM and OTL-CE, and that the difference is
large enough to cause ∼1.3 mm distortions of the network
when inconsistent OTL models are used in the user and prod-
uct solutions.
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Fig. 8 Stacked power spectra
showing the ∼14-day period
component from 1-year
detrended vertical coordinate
timeseries for global solutions
with orbits, clocks and
coordinates estimated (upper),
and network solutions with
clocks and coordinates
estimated (bottom).
FES04CM_POS (dashed line) is
the same as that shown in Fig. 6
and is plotted here for
comparison; it depicts the result
in point positioning using JPL’s
reanalysis products (pos) and
the OTL-CM model
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Figure 9 compares the frame parameters determined from
transforming solutions using OTL-CE into alignment with
solutions using OTL-CM (Fig. 7 compares the coordinate
residuals after this transformation). The transformation
parameters for network solutions with orbits, clocks and
coordinates estimated (green line, Fig. 9) are smaller than
other two solutions, being much less than 0.1 mm. For the
solutions that use fixed orbits (network solutions or PPP),
the translation parameters are on the order of 0.3 mm or
smaller, and the rotation parameters are equivalent to surface
displacements of the same order. There is a small systematic
bias of the z-axis rotation parameter for the PPP equivalent
to a ∼0.3 mm displacement at the equator. The cause of this
bias is unknown, but presumably it reflects a mean time bias
that could impact time transfer. We do not observe any sys-
tematic geocenter offset between the two solution sets of a
size equivalent to the magnitude of the center of mass correc-
tion (several mm), because the geocenter translation of the
daily frame is the geocenter offset averaged over the 24-h
solution period, not the instantaneous offset at one epoch.
When all parameters are estimated simultaneously in a sin-
gle solution, the differences between solutions using OTL-
CM and OTL-CE are of the order of ∼0.3 mm, which are
small, yet much larger than the GGOS goal, 0.1 mm accu-
racy at the global scale (Gross et al. 2009). The same level
of network distortion is found for network solutions that
used fixed orbits, although these also include frame biases
equivalent to ∼0.3 mm displacements. PPP solutions have
frame biases of the same order as the network solutions, but
a much greater level of network distortion (∼1.3 mm). While
the satellite orbit parameters must be different between solu-
tions using OTL-CM and OTL-CE models, this difference is
small enough that biases remain at the sub-millimeter level
when inconsistent OTL models are used in the product and
user solutions. The much larger degree of distortion in the
PPP solutions means that the effect on the satellite clock
parameters must be substantially larger than the effect on the
orbits. This result seems counter-intuitive, but we suggest
that it is because the bias introduced by inconsistent OTL
models is similar for most stations that observe a given satel-
lite at a given epoch. Each satellite is visible to stations only
within a ∼66◦−76◦ radius about the nadir point, depend-
ing on the elevation cutoff angle (10◦−0◦). Stations on the
opposite side of the Earth would have an opposite bias but
do not observe the satellite. The common-mode part of the
bias at each epoch (defined by the stations actually observ-
ing the satellite) will bias the satellite clock estimate for that
epoch. In the limit of a sufficiently small regional network
solution, the bias from inconsistent OTL models would be
completely common mode, and would be removed by dou-
ble-differencing or be indistinguishable from the satellite
clock error.
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Fig. 9 Time series of frame
parameters over a half-year
period determined from a
7-parameter transformation
between solutions using
OTL-CM and OTL-CE models.
[TX TY TZ] are translation
parameters (in mm);
[RX RY RZ] represent rotation
parameters (in 10−10 rad). The
panel in (row 2, column 2)
depicts the magnitude of the 3D
translation vector (square root of
(TX2 + TY2 + TZ2)). The red
line is for transformation
between FES04CE_POS and
FES04CM_POS, the green line
is for transformation of network
solutions (orbits, clocks and
coordinates estimated), and the
blue line shows the results for
network solutions (orbits fixed,
satellite clocks and coordinates
estimated)
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3.4 Ambiguity resolution
Tregoning and Watson (2009, 2011) found that ambiguity
resolution affected the propagation of periodic modeling
errors into station coordinates. Specifically, ambiguity-free
solutions showed higher power than ambiguity-fixed solu-
tions at the periods characteristic of tidal aliasing variations.
To test the effect of ambiguity resolution on GPS coordinates
with OTL corrections computed in inconsistent reference
frames, we used the Ambizap algorithm to implement GPS
carrier phase ambiguity resolution together with PPP (Blewitt
2008). Ambizap carries out ambiguity resolution on a base-
line-by-baseline basis and applies the resulting coordinate
changes to the combined PPP solution; the result is equivalent
to a network-based ambiguity resolution. We ran a 1-year-
long solution series (calendar year 2006) using JPL’s reanaly-
sis orbit/clock products, but with OTL corrections computed
in CM and CE, respectively. We then compared solutions
before and after ambiguity resolution with Ambizap.
We computed the vertical coordinate differences between
OTL-CM and OTL-CE ambiguity-fixed solutions. A typi-
cal example (station TIDB) is given in Fig. 10 (top, blue
line). Compared with the result of ambiguity-free solution
(red line), the difference at 14-day period is still in the
ambiguity-fixed result (blue line), although the amplitude is
reduced slightly. However, for about 1/4 of the stations the
amplitude of the periodic difference was slightly increased.
Overall, the ambiguity-fixed solutions show smaller differ-
ences at all frequencies, consistent with a lower overall noise
level, but the reduction in power due to ambiguity resolu-
tion at the ∼14-day period was smaller than at other periods
(Fig. 10, bottom).
The stacked power spectra (Fig. 10, bottom) indicate that
significant systematic errors are still introduced in ambigu-
ity-fixed solutions if inconsistent OTL models are applied
(red solid line). The smaller effect in ambiguity-fixed solu-
tions is similar to that seen by Tregoning and Watson (2009,
2011) for atmospheric loading effects. However, the
ambiguity-fixed solutions show the same essential
characteristics as the ambiguity-free solutions, in that the
use of inconsistent OTL models introduces significant sys-
tematic errors.
4 Discussion
4.1 Theoretical interpretation
GPS satellites are gravitationally attracted by the mass of
the whole Earth system that includes the ocean, the atmo-
sphere and other external and internal mass redistributions.
The satellite trajectories are intrinsically determined with
respect to the CM. Therefore, for consistency all correc-
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Fig. 10 Top Vertical coordinate difference between solutions using
OTL-CM and OTL-CE, for ambiguity-fix solutions (blue), and ambi-
guity-free solutions (red). Bottom Stacked power spectra showing the
∼14-day period component from 1-year detrended vertical coordinate
timeseries; Solid lines are ambiguity-fixed result; dash lines are the
same as FES04CE_POS and FES04CM_POS in Fig. 6, and for ambi-
guity-free solutions
tions applied in the coordinate model (especially loading
corrections) ought to utilize the CM reference frame. Cur-
rent IERS conventions require IGS Analysis Centers to use
OTL-CM corrections when generating orbit/clock solutions
(IERS Conventions 2010; Kouba 2009). Our study indicates
that users need to use OTL coefficients that are consistent
with those used by the analysis center that generated the
orbit and clock products, especially when using point posi-
tioning. Using inconsistent OTL coefficients will introduce
periodic systematic errors at the periods characteristic of ali-
ased OTL, mainly ∼14-days, ∼semi-annual and ∼annual
periods. The GPS solutions themselves are biased at spe-
cific periods because, during the 24-h positioning process, the
frame bias does not exactly average to zero over the course
of the time period of the GPS solution (Penna and Stewart
2003; Stewart et al. 2005; Penna et al. 2007). This bias is
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Fig. 11 Predicted OTL displacement of station TIDB for the first
5 days of 2005 (01/01/2005-01/05/2005). Displacements for OTL-
CE (red) and OTL-CM (blue) were calculated from ocean tide model
TPXO7.0 using the SPOTL program, using the appropriate CE or CM
Green’s functions. The difference (CE-CM) is also plotted with a green
line at the bottom of figures for each component, and illustrates the
time-dependent bias introduced into the GPS observation model when
inconsistent OTL coefficients are used in a processing strategy with
orbits and clocks fixed to values estimated in a separate solution
over and above any errors that result from limitations of the
tidal models themselves, which do not depend on the frame.
Several recent studies have demonstrated that modern tidal
models and OTL computation software produce very simi-
lar results (Thomas et al. 2007; Penna et al. 2008; Fok et al.
2010). The difference between solutions using OTL-CM and
OTL-CE coefficients is much larger than the difference that
results from using different tidal models.
Figure 11 shows predicted OTL displacements of station
TIDB for the first five days of 2005. The displacements pre-
dicted by the OTL-CM and OTL-CE models are clearly dif-
ferent, and the differences are shown with a green curve. The
difference curve (green) is the geocenter difference between
the two frames, also termed the “center of mass correction” or
“frame origin tides” (Scherneck et al. 2000), expressed in the
local east–north-up coordinate system at this site. Because
this difference results from a degree-1 deformation, OTL
models for all sites around the world show a similar mag-
nitude variation (in terms of the 3D vector). If one correction
is applied in the solution that generated the orbit and clock
products, and the other is applied in a user solution making
use of those products, biases related to the green curve will
be introduced into the GPS observation model, which will
distort the estimated parameters in that solution. With a 24-h
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processing period, mismodeled tidal signals are propagated
to longer-period noise in the GPS daily solutions (Penna and
Stewart 2003; Penna et al. 2007), as revealed by the spectral
analysis in Figs. 3 and 5. These biases distort the network
(Fig. 7) and induce spurious variations in frame parameters
(Fig. 9).
Scherneck et al. (2000) examined a set of point positioning
solutions and compared observed tidal variations to models
using OTL coefficients computed in both CM and CE. They
expected to find the geocentric component in their solutions,
but instead found that the observed variations agreed bet-
ter with the OTL-CE model. They believed the reason for
this to be that they used orbit and clock products generated
from a solution generated using OTL-CE coefficients; thus
the OTL-CM model was not consistent with the product solu-
tion. Our results show that their reasoning was correct. The
orbit and clock products generated from a global solution
essentially “lock in” the OTL model used in that product
solution. Any user solution must use OTL coefficients con-
sistent with the product solution. The choice of frame for the
OTL model computations is much more important than the
choice of tidal model. We find that the satellite clock param-
eters show larger differences than the orbit parameters, so
the impact of inconsistencies between the product and user
solutions is much larger for PPP solutions than for network
solutions in which satellite clocks are estimated or removed
by double-differencing.
4.2 Effect of frame transformations
The observed coordinate differences shown in Fig. 2 and
analyzed in this paper demonstrate that introducing biases
through inconsistency in OTL models causes distortions of
the network that cannot be removed by a 7-parameter frame
transformation (Fig. 7). Figure 12 shows vertical coordi-
nate differences for TIDB from point positioning solutions,
both before and after aligning the fiducial-free solution to
ITRF2005. Before the frame alignment, each day’s fiducial-
free solution is in no particular frame, depending on the loose
constraints applied in the solution that generated the orbit
and clock products. Because we are comparing two solu-
tions that are identical except for the OTL model applied, the
two solutions being compared each day are nominally in the
same frame. The patterns for the timeseries of the differences
are very similar, and the amplitudes diminish slightly after
the frame alignment. This confirms that most of the solution
differences result from distortions in the network introduced
by inconsistency in the OTL models. However, a portion of
the bias from the OTL model frame error is absorbed into the
frame transformation, and therefore into estimates of geo-
center variation.
Tregoning and van Dam (2005) demonstrated that 80% of
the geocenter motion can be recovered with a standard seven-
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Fig. 12 Vertical coordinate differences between solutions using OTL-
CM and OTL-CE before aligning to ITRF2005 (red line), and after
transforming to ITRF2005 (blue line), for station TIDB, for 2003. Most
of the solution differences represent distortions of the network
parameter transformation for a global network, and the dis-
tribution of transformation sites can have a major impact on
the transformation results. Thus, the globally distributed GPS
sites used in this study improve our ability to distinguish sur-
face displacements due to OTL from geocenter motion, dur-
ing the process of transforming a non-fiducial solution into
ITRF2005. If a small regional solution is used instead of a
global solution, the coherence of the loading effect over long
spatial wavelengths would not be preserved during the pro-
cess of transformation. Subsequently, most of the coherent
loading signals would be absorbed into the estimate of geo-
center motion (Tregoning and van Dam 2005). This would
impair the estimates for both the loading deformation and the
geocenter.
5 Conclusions
Our study has shown that significant biases can be intro-
duced into GPS solutions when a user solution uses OTL
coefficients computed in a different reference frame to those
used by the analysis center in their product generation solu-
tion. The choice of frame for the OTL model computations
has a substantial effect on estimated satellite clock parame-
ters, and a smaller effect on the estimated satellite orbits. For
global solutions in which orbits, clocks and coordinates are
estimated simultaneously, there are coordinate differences
of ∼0.3 mm between solutions using OTL-CM and OTL-CE
coefficients. When orbits and/or clocks determined from an
external product solution are fixed, biases will be introduced
into the user solutions if an OTL model is applied that is not
consistent with the model used in the product solution. For
network solutions the overall frame biases and distortion of
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the network remains at the sub-mm level, but for PPP solu-
tions we find distortions of the network at the ∼1.3 mm level
because the fixed satellite clocks are now inconsistent with
the applied observation model.
Solutions in which inconsistent OTL coefficients are used
display significant differences at several periodic compo-
nents that are characteristic of aliasing of OTL errors. Power
spectrum analysis for our 6-year detrended timeseries of con-
tinuous GPS positions shows that the most distinguishable
difference occurs at a period of about ∼14 days. Using JPL’s
current and reanalysis orbits products, which use OTL coef-
ficients computed in the CM frame in accordance with IERS
Conventions, we find a significant spectral peak at ∼14-day
period in the solution with OTL coefficients computed in the
CE frame, but no peak at this period in the solutions using
OTL computed in the CM frame. This result stands true for
both ambiguity-free and ambiguity-fixed solutions. In addi-
tion, there are small differences at ∼annual and ∼semiannual
periods. This phenomenon has been confirmed using both
ocean tide models FES2004 and TPXO7.0, calculated using
independent software. All of these improvements coincide
well with the predicted periods of aliasing signals from OTL
errors.
In any solution that uses fixed orbits or fixed orbits and
satellite clocks, it is the analyst’s responsibility to main-
tain consistency with the analysis center that generated the
products. The need for consistency makes it critical both
for analysis centers that generate orbit and clock products
and researchers using these products to report which frame
was used to compute the OTL coefficients in their analy-
sis. Authors should also make clear which frame they used.
The same is true for any other loading model applied at
the observation level, such as the tidal component of atmo-
spheric loading (Tregoning and Watson 2009, 2011). Both
users and analysis centers that produce precise orbits and
clocks should use OTL-CM coefficients for theoretical con-
sistency and adherence to current IERS conventions. How-
ever, users of legacy products in which OTL-CE coefficients
were used in the product generation will induce significant
errors in their solutions if they do not maintain consistency
and also use OTL-CE coefficients. This need for consis-
tency may limit the degree to which PPP solutions can be
used to assess other changes or improvements in observation
models, such as the 2nd or higher order ionospheric effects
(e.g., Kedar et al. 2003; Fritsche et al. 2005).
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